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This paper reports upon research activities vrlth magnetically suspended

flywheels, that are being cooperatively conducted by TPI, Inc. and the University of

Maryland for GSFC. The purpose of the effort is to critically examine and further

the development of all the key technologies which impact the inertial energy storage

system.

The results presented in this paper discuss the concept of a magnetically

suspended flywheel as it applies to a 500 Watt-hour energy storage system. The pro-

posed system Is currently under hardware development and is based upon two "pancake"

magnetic bearings arranged in a vertical stack.

INTRODUCTION

To effectively design a 500 WH flywheel energy storage device, several parame-

ters concerned with the specifications, design goals, and applications of the device

have to be known aprlorl. For spacecraft applications, it is important to minimize

the mass and slze of the device vrlthout sacrificing its energy storage capacity.

Therefore, one design goal of the system is to maximize the SED (specific energy

density). This SED should exceed that of electrochemical systems which is typically

14 WH/kg. A system SED goal for a past 300 Nil flywheel design [2-5] has been to

exceed a value of 20 WH/kg or 9 WH/Ib. This was the design goal used for the 500 WH

energy storage system.

The proposed energy storage system Is based on a "pancake" magnetic bearing

stack as shown in Figure I. The magnetic bearings used in the stack have been

discussed by Kirk and Studer [6,7] and are a required element for a viable and effi-

cient energy storage system. The acceleration of the flywheel or charge cycle (motor

mode) must occur during a 60 minute interval when the satellite is exposed to

sunlight. The spindown of the flywheel or discharge cycle (generator mode) must

occur during a 30 minute interval when the satellite is exposed to darkness. The

energy storage system during discharge must supply power at a constant voltage of 150

±2% volts DC. However, to design a flywheel vrlth suitable size and capacity,

operating speeds which are directly proportional to generator output voltages must

vary by 50% (the high operating speed being twice as much as the low operating

*A portion of the work reported in this paper was performed under NASA

contract NAS5-29272 [Reference I].
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speed). Therefore, some type of power conditioning must be incorporated to maintain

the required output voltage. In addition, energy losses in the electronics asso-

ciated with the charge and discharge cycles must be minimized. For the 300 WH

design, an efficiency of 90% for each cycle is desired. This was also assumed for

the 500 WH design. Therefore to supply 500 WH, a 550 WH capacity flywheel was sized.

Other design goals of the system include modularity, suitability to withstand

outside load disturbances and protection of equipment when failure of flywheel

material or suspension occur. An additional design criteria specifies that the rotor

remain magnetically suspended under a 2-G radial load. This criteria is used in the

500 WH design. To protect the magnetic bearing, suspension ring and motor/generator

when failure of the magnetic suspension occurs, back-up ball bearings are used. The

outside portion of the ball bearing (see Fig. 2) is set just beyond the gap operating

range of the magnetic bearing (typically ± .01"). The ball bearings support the

flywheel when the flywheel deflection due to outside disturbances exceeds this

operating range. They protect the magnetic bearing and motor/generator materials
from collision. A detailed discussion on magnetic bearing back-up ball bearings is

given in a paper by Frommer [2,8]. For protection of satellite equipment if the

flywheel material fails under high speeds (burst condition), it is necessary to

design the flywheel for separation of the outermost rings from the remainder of the

flyweel [as was done in reference 9-14]. Doing this makes the containment of failed

flywheels easier.

PROPOSED FLYWHEEL DESIGN

The 500 WH capacity flywheel was analyzed using the FLYANS2/FLYSIZE software

developed by UMCP [11-13] and modified by TPI. The computer program FLYANS2 performs

a stress analysis on a multi-rlng flywheel arrangement given material properties and

inner radius ratios (inner radius of ring/outer radius of entire flywheel). Other

inputs include the inner radius displacement ratio limit and the ring interference

(in assembly) ratio limit. The inner radius displacement ratio input limits the gap

growth (between the suspension ring of the flywheel and the magnetic bearing) of the

suspension system due to the centrifugal forces generated by the spinning flywheel.

Gap growth _ffects the suspension control system in a detrimental way by reducing the

control system active stiffness, K . The ring interference limit is the limit on theA
amount of interference between rings. FLYANS2 performs a stress analysis for both

noninterference fitted and interference-fltted rings. For interference fitted rings,

it computes ring interface pressures that maximize SED while staying within a

prescribed limit (typically 0.6%).

The data from FLYANS2 is used for the FLYSIZE computer program to actually size

the flywheel. The FLYSIZE output for the 500 WH flywheel is shown in Table I with

the upper and lower operating speed ratio, selected as .375 and .75 of the burst

speed.

It is assumed that the flywheel has a weight of half the total energy storage

system. Therefore its SED must be twice the system SED. Through repeated simula-

tions, it was determined that a flywheel configuration with an inner return ring made

of segmented iron and 5 composite (Cellon 6000 graphlte/epoxy) outer rings, inter-

ferenced fitted and having inner radius ratios (inner radius of rlng/outer radius of

outer ring of flywheel) of .48, .5, .6, .7, .8 and .9, yielded high SEDs that

exceeded twice the system SED. The inner radius displacement ratio limit and the
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ring interference limit value used was .006. Repeated computer runs for a 500 WH
flywheel with a high SEDhave yielded a flywheel configuration weighing approximately
30 ibs.

The stack bearing consists of 2 magnetic bearings, a motor/generator and 2 back-
up ball bearings as shownin Fig. I.. Onerequirement for the flywheel is that it
must have a large enough height to house the componentsshownin Figure I. Based on
the sizing of the 300 WHflywheel system, the minimumcomponentheights for the 500
WHsystem is 4.50 inches (11.4 cm).

Flywheels incorporating 4", 5" and 6" (10.2 cm, 12.7 cm and 15.2 cm) magnetic
bearings were analyzed and designed using the FLYANS2,FLYSlZE, and MAGBERcomputer
programs. MAGBERdeveloped at UMCPwas used to determine the bearlng's axlal-load
carrying capability. The results of design runs for flywheels using 4", 5" and 6"
(10.2 cm, 12.7 cm and 15.2 cm) diameter magnetic bearings is summarizedin ref. I.

As mentioned before, centrifugal forces cause the inner radius of the flywheel
to expand at high speeds (called air gap growth). FLYSIZEdetermines this expansion
at the low and high operating speeds of the flywheel and reports these numbers to
the user. Through iterative design runs using FLYANS2and FLYSlZE, one can meet the
air gap condition as well as achieve a high SED. The 500 WHdesign yielded a SED
value of 19 WH/LB(42 WH/Kg)and an air gap growth between lower and upper operating
speeds of .015 inches (0.381 mm).

MAGNETICBEARINGTECHNOLOGY

The magnetic bearing for a 500 WHenergy storage system was designed to support
a 2-g axial load without loss of suspension. An additional goal was to achieve a
certain permanent magnet radial stiffness, Kx, and current-force sensitivity, KI.
Design values for Kx and KI were assumedbased on maintaining suspension control
system performance similar to past UMCPmagnetic bearings.

Based on the UMCP3" (7.6 cm) laboratory model, KI was taken to be one hundredth
the value of Kx in Ib/amp. Thus, for the 500 WHdesign, KI was chosen to be 56
ib/amp, while the value of Kx was chosen as 5600 ib/in (1002 kg/cm) with a flywheel
linear excursion range [around a uniform air gap] of ±.01 inches (_0.254 mm).

Knowing the desired system axial-load carrying capability, Kx, KI, and minimum
current, the following physical and magnetic properties of the bearing are then
determined using the MAGBERdesign program:

Stator radius, Air gap, Permanentmagnet (PM) area, PMthickness, PM
operating point, Leakage Permeance,Air gap Permeance,Air gap Flux and flux
density, Coll turns, Coil wire size and Axial Drop.

The sizing of the magnetic bearing involved an iterative process via computer
simulation using the program MAGBER.Magnetic circuit permeances, fluxes, and flux
densities were computedfor trial physical dimensions (i.e., pole face thickness, gap
distance, axial drop, magnet area, magnet length) and material magnetic properties of
the bearing. The operating flux density of the permanent magnetswas also derived.
Kx, KI, coil turns (N), and axial-load carrying capability (Wa) could then be deter-
mined using the computedmagnetic circuit parameters.
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Based upon the trial dimensions pole face thickness and air gap distance was
increased to avoid saturation in the iron material (which limits the amount of useful
flux that crosses the suspension air gap). The flux density within the Fe material
should not exceed the value of 1.5 teslas or saturation will occur. The maximumflux
density of the iron material was determined by computing the flux density at the
thinnest portion of the flux plates - i.e., at the pole faces. MAGDESIGN(a program
developed at TPI for this project) was used to determine saturation conditions for
various displacements of the flywheel. The object was to remain at an unsaturated
condition within the operating gap range of the suspension control system.

SUSPENSIONCONTROLSYSTEMDESIGN

The design goal for the suspension control system for the 500 WHenergy storage
system was to design a control system which would keep the flywheel suspendedunder
static and dynamic loads. To withstand static loads (in this case a 2-G radial
load), a system gain was selected which provided a steady state active stiffness suf-
ficient to satisfy the required operating excursion range of the flywheel.

Nearly all of the electronic componentvalues from previous UMCPlaboratory
suspension control systems were used in the design of the 500 WHcontrol system.
schematic of the control system for the magnetic bearing is shownin Figure 3.

A

The input reference voltage was determined to be within the range of 0 to +I5V,
which was the range used in past systems. The maximumoperating current was used to
size the coll wire and the power amplifiers. To minimize the control current and yet
maintain the samesteady state active stiffness the current-force sensitivity KI was
increased and the adjustable reference voltage was reduced by the sameproportion.
By increasing KI the amount of coll turns needed for design was increased. For a
value of RI7 = II k_ and KI = 56 ib/amp (25.5 kg/amp), N was computedto have a value
of 825 turns/coll with a maximumoperating current of 10.12 amps. KI was then
increased by a factor of 2.5 to reduce the coll amperageto 4.05 ampsand reduce the
variable resistance to 4360 _. This resulted in a KI value of 140 Ib/in (25 kg/cm)
and a turns/coil value, N, of 2100 turns. The modified values were used for the 500
WHdesign.

The final parameter that was determined for the suspension control system was
the compensationnetwork time constant, T. This parameter influences the damping of
the system. For the 500 WHsystem, it was desirable to maximize the damping so as to
limit the flywheel excursions due to mass unbalance. To maximize system damping and
minimize dynamic loading effects, an optimum value of T was selected. To optimize T,
root locus plots and Bode plots were used and the results are shownin Ref. I.

For the 500 WHsystem, a value of T = .0016 sec was chosen to minimize the
amplitude of response and maximize damping. This called for a capacitance value of
.016 _F in the compensation network of the control system (keeping the resistance the
sameas previous values of past systems).

Based upon experience gained in designing the control system shownin Figure 3,
a modified version of the control system, as shownin Fig. 4, is being currently
investigated for use in the 500 WHsystem.
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MOTOR/GENERATORDESIGN

The motor/generator design for the 500 WHsystem is based upon a permanent
magnet, electronically commutated, 3 phase machine, shownconceptually in Fig. 5.
Several improvements in the conceptual design have been incorporated into the 500 WH
system, and these are shownin Fig. 6.

The first step in design was to determine power, voltage, and armature current
variation during the charge cycle of the motor and the discharge cycle of the genera-
tor. It was assumedthat the bus of the motor receives a constant power of 650 watts
from the solar array at 150V+ 2%DC. This happens during the time span of an hour.
Since motor voltage is proportional to flywheel speed and flywheel speed was chosen
to vary by 50%, a motor voltage profile varying from 70V to 140Vwas used in the
design. (This assumeda voltage drop of 10Vduring transfer of energy from PV array
to flywheel motor).

Armature current variation (per phase) was determined by dividing the time
equation of power by the time equation of voltage. At the beginning of the charge
cycle, the armature current/phase was computedto be 3.1 ampsand at the end it was
computed to be 1.4 amps. A proportional discharge cycle was assumedsuch that over
21 minutes, the generator discharges at a low power of 625 watts and over the
remaining nine minutes the generator discharges at a high power of 1875 watts. All
together, the generator delivers II00 watts over I/2 hour equal to 550 WH. 500 WH
actually gets to the satellite power system due to energy losses in the power
electronics. (This was a previously mentioned design goal). The voltage variation of
the generator is linear from 140V to 70V, but it varies at two different rates due to
the change in power delivered. It was determined that the maximumcurrent in the
armature per phase is 8.93 amps/phase.

This maximumcurrent (which exceeds that of the motor) is used to design the
coils in the armature. In the proposed motor/generator, the rotating ring will be
replaced by a stationary ferrite ring glued onto the inside periphery of a stationary
ironless armature. The outside rotating ring assembly is madeup of PMmagnets and
is attached to a soft iron backing ring. An 8-pole machine is proposed using a
delta-connected winding operating at 4000 Hz maximumfrequency. The dimensions of
the device are constrained by the size of the flywheel and the magnetic bearing. For
the 500 WHdesign, the outside radius of the soft iron backing ring could not exceed
the inner radius of the first composite ring of the flywheel. A 2 in. packaging
height was a design goal. The gap distance between PM's and armature coils needed
also to exceed the gap distance of the magnetic bearing. Based on these constraints,
PMsize and armature coil configuration and size were determined.

Of further interest is the determination of energy losses within t_e armature
and also within the power electronics of the device. Armature loss (31_maxR) was
computed to be 2.11 watts while the loss due to the ferrite ring was determined to be
negligible (less than one watt). Most of the other losses for the 500 WHenergy
storage system were kept the sameas or scaled up from the 300 WHdesign.
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500 WH DESIGN

The proposed design of the 500 WH magnetically suspended flywheel energy storage

system is shown in Fig. 7. The specifications of the entire system is summarized in

Tables I and 2.

Table 1 summarizes flywheel specifications computed using the FLYSIZE/FLYANS2

software. Table 2 gives magnetic bearing specifications which were determined using

magnetic circuit theory and the design programs previously discussed.

CONCLUSIONS/RECOMMENDATIONS

Based upon the state-of-the-art review and the proposed design of the 500 WH

system, it can be concluded that

Magnetically suspended flywheel energy storage systems are a

viable and superior alternative to batteries

System issues of attitude control and power transfer are manageable

The magnetically suspended flywheel system can be designed

using current knowledge in modules varying in size from I00 WH

to I000 WH.

Consistent with these conclusions, the following activities are currently underway:

@

Construct Prototype 500 WH Energy Storage System using proposed

design.

Bench test prototype to 20,000 RPM.

Enhance robustness of control electronics based on bench test.

Design a test program to cycle energy storage wheel through

operating range.

Construct Spin Test Facility for cyclic testing at design

speeds.

Test and evaluate prototype operation under design conditions.

Incorporate test results in final design.

Construct flight hardware experiment.
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TABLE 1 FLYWHEEL SPECIFICATIONS FOR 500 WH ENERGY STORAGE SYSTEM

Inner Diameter

Outer Diameter

Thickness

Configuration

Burst Speed

Max. Oper. Speed

Low Oper. Speed

Weight

Usable Energy Density

Burst Energy Density

Air Gap Growth @

Burst Speed

Air Gap Growth @

52 k rpm

Air Gap Growth @

26 k rpm

5.760 in. (14.630 cm)

12.000 in. (30.480 cm)

5.474 in. (13.904 cm)

Multlring + I seg. iron ring

70 k rpm

52 k rpm

26 k rpm

29 ibs.

18.96 WHIIb.

44.95 WHIIb.

.0353 in.

5 graphlte/epoxy

rings

(13.2 kg)

(41.71WH/kg)

(98.91WH/kg)

(0.8966 mm)

.0199 in. (0.5055 mm)

.0050 in. (0.1270 mm)

TABLE 2 MAGNETIC BEARING SPECIFICATIONS FOR

500 WH ENERGY STORAGE SYSTEM

Radial Stiffness, K :
x

Current-Force Sensitivity, K I :

Turns/Electromagnetlc Coil, N :

Maximum Operating Current, imax

Gap Operating Range :

Nominal Gap Distance, go :

Stator Radius :

Pole Face Thickness :

Magnet Diameter :

Magnet Length:

5600 Ib/in. (1002 kg/cm)

140 lb/in. (25.1 kg/cm)

2100 turns

4.05 amps

± .01 in. (_+0.254 n_a)

.038 in. (0.965 _n)

2.88 in. (7.32 cm)

0.15 in. (0.38 era)

1.8 in. (4.57 era)

0.3 in. (0.76 era)
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